A new type of transparent sand made of a fused quartz sand (i.e. glass sand) and the mixture of two white mineral oils was introduced as a material for geotechnical visualization model tests in this paper. The transparent sand possessed significant advantages in transparency. In indoor natural light environment, the clear visible depth of the transparent sand was 14cm, and the maximum visible depth can be 20cm. Laboratory tests including direct shear, one dimensional compression, compaction, consolidation-drained triaxial and permeability tests were conducted to investigate the geotechnical properties of the material. The results showed that the material was similar in many properties to natural sands. The transparent sand had great potential to be used in laboratory tests on geotechnical structures in observing soil deformation.
INTRODUCTION
Transparent soil is an artificial soil which can be seen through to a certain depth. It has been used by many researchers to investigate the deformation and flow in soil, and soil structure interaction (Liu et al., 2003; Iskander et al., 2015) . In the early trials, glass beads and a fluid of same refractive index were used to prepare transparent sands (Wakabayashi 1950; Drescher 1976; Allersma 1982) . However the samples prepared with glass beads is only semi-transparent, and the visibility of objects in the sands is very low (Sadek et al., 2002) . Iskander et al. (2002b) used sphere silica gel particles to prepare samples with higher transparency, but the existing of internal pores in silica gel particles makes the material deform plastically even under low stress levels, which limited the usage of the material greatly (Zhao and Ge 2007; Guzman et al. 2014) . Transparent clay was also manufactured by Iskander et al. (2002a) using amorphous silica powder and it has properties that are in consistent with the macroscopic properties of many natural clays. Ezzein and Bathurst (2011) used fused quartz and the mixture of two white mineral oils: "Krystol 40" and "Puretol 7". The artificial sand has a clear visible depth of 12 cm while using coarse fused quartz in a container made of 25-mm thick Plexiglas. The geotechnical properties of the transparent sand are similar to that of natural sand except that the hydraulic conductivity of the transparent sand to oil is lower than that to water. Kong et al. (2013) used fused quartz, and twelve alkane and white mineral oil mixture at a ratio of 1:4 to make a transparent sand.
In this research, glass sand was mixed with 15# and 3# white mineral oil to prepare a new type of transparent sand. A series of geotechnical tests including direct shear, one dimensional compression, consolidated drained triaxial, compaction and permeability tests were performed to obtain geotechnical properties of the transparent sand. The geotechnical properties of the transparent sand are similar to those of dry and water samples. The visibility of the transparent sand prepared with this method is higher than most of the current used transparent sands.
PREPARATION OF TRANSPARENT SAND

Granular particles
A noncrystalline form of silica (SiO 2 ) glass sand was used for the preparation of the transparent sands. Fig. 1 shows the appearance of the glass sand. The silica particles are high in purity with SiO 2 content of 99.99%, with refractive index 1.4587. It is a medium to coarse sand as shown in Fig. 2 (tests were performed as per ASTM C92 (2010) requirement), with an average particle diameter D 50 of 0.4 mm and uniformity coefficient of 2 and curvature coefficient of 0.77. The maximum and minimum dry densities of the glass sand were 1.48 g/cm 3 and 1.08 g/cm 3 . 
Liquid
No. 15 and No. 3 white mineral oil, with refractive indices of 1.4644 and 1.4499 at 22℃ respectively, were used to prepare the fluid.
To obtain the refractive index of 1.4587 as the sand, the No. 15 and No. 3 white oil were mixed with a volume ratio of 10:1 at 22 C. It should be noted that the No. 3 oil used in this research is cheaper and safer than twelve alkane used by Kong et al. (2013) .
To prepare the transparent sand, the oil mixture was poured into the model tank. Glass sand was then pluviated in oil and gently stirred to make sure the sand mix well with the oil. The samples with the highest transparency were achieved at the oil content of 15.2% by weight. To investigate the transparency of the sand, transparent plastic rulers with black tape was pushed into the samples at different distances from the front panel as shown in Fig. 3 . The images show that the maximum depth at which the tapes can be clearly seen is 14cm, and the maximum visible depth is about 20cm. These are higher than the values obtained by Guzman et al. (2014) , and Ezzein and Bathurst (2011) , which are 5 cm and 12 cm respectively. The transparent sand samples were left in the container for two weeks under indoor environment and no detectable change has been observed in transparency.
LABORATORY TESTING PROGRAM
A series of laboratory tests were performed to study the geotechnical properties of the transparent sand. As a comparison, dry glass sand and water saturated glass sand were also tested. All samples were prepared to the relative density of 0.85, which related to the 95% of degree of compaction.
Direct shear tests
Direct shear tests were performed as per ASTM D3080 (2004) As illustrated in the figure, all samples exhibited dilation behavior under all loading levels as the samples were all very dense. The peak and residual strengths of the samples are plotted in Fig. 5 . The peak friction angles of dry, water and mineral oil samples were 47°, 44° and 43° respectively. The peak friction angles of mineral oil and water samples were nearly the same and the value is 4° less than that of the dry sample. These values agree with the reported values of angular medium sand with compaction degree of 95% (Bareither et al. 2008) . The residual friction angles of the samples were 34°, 32° and 34° respectively, which are approximately 10° less than their peak friction angles. 
One dimensional compression tests
One dimensional compression tests were performed in geotechnical oedomenter following the ASTM D2435 (2004) method. The diameter and the height of the oedometer ring were 61.8 mm and 20 mm. The loading was increased at 100 kPa intervals after 100 kPa pressure. The loading and settlement curves of the samples are shown in Fig. 6 . Three samples behave similar in one dimensional consolidation tests, with compression index in the range of 0.02 to 0.03 and recompression index in the range of 0.005 to 0.01as shown in Table 1 . The compression index values are very close to those for angular to subangular dense quartz sand from Mesri and Vardhanabhuti (2009) . Compression of granular materials. Canadian Geotechnical Journal, 46(4), 369-392.for Comparing to the other two samples, the transparent sand has higher compression and recompression indices, which agrees with the findings from Ezzein and Bathurst (2011) . It is maybe due to the fact that oil may provide extra lubrication between the glass sand particles, which makes the particles much easier to rotate and move around during loading and unloading. 
Triaxial tests
Consolidation drained (CD) triaxial test was only performed on the water samples, considering that the oil samples may contaminate the triaxial cell and water pressure system. The samples were 80 mm high and 39mm in diameter.
The tests were performed under the confining pressures of 50kPa, 100kPa and 200kPa, at the strain rate of 0.05% strain/min to the maximum axial strain of 20%. Fig. 7 shows the results of the triaxial tests. Similar to the results of direct shear tests, dilation behaviour has been observed in all the samples, and dilatancy decreases with the increase of confining pressure, which agrees with the dilatancy behavior of natural dense sand. Fig. 8 shows the triaxial test shear strength envelope for water samples. The peak friction angle is 41°. This value is close to that from the direct shear tests. The residual friction angle is 38°, and it is a little larger than that from the direct shear tests. These friction angle values fall in the range of the values for granular soils comprised of angular particles (Holtz and Kovacs 1981) . Similar regularity was obtained for the fused quartz saturated with water by Ezzein and Bathurst (2011) . 
Compaction tests
Standard Proctor compaction tests were conducted on water and mineral oil samples as per ASTM D698 (ASTM, 2007) method. Fig. 9 shows the dry density versus fluid content plots. The figure shows that water content had little effect on the dry density of the compacted samples, and the average dry density of water samples was 1.51Mg/m 3 . Since the transparent sand can only be prepared at the oil content of 15.2%, only the dry density of the sand prepared at this oil content was measured, which was 1.58 Mg/m 3 . This value is slightly higher than that of water samples and the maximum density of dry sand. This may partly due to the lubrication effect of the liquids filled in the pores of the samples (Ezzein and Bathurst, 2011) . 
Hydraulic conductivity
Constant head permeability tests were performed to determine the hydraulic conductivity of the glass sand. The tests were conducted at 22C in accordance with ASTM D2434 (ASTM, 2006) . The hydraulic conductivities of the glass sand to water and mineral oil are 6.16×10 -4 m/s and 3.50×10 -5 m/s respectively, which are similar to the values observed by Ezzein and Bathurst (2011) on fused quartz. It shows that the hydraulic conductivity of sand to the oil used is almost one order of magnitude less than that to water. This may be due to the relatively higher viscosity of oil, which is about 10 times higher than that of water. Based on these two values, the intrinsic permeability of the glass sand media is calculated to be 6.16×10 -11 m 2 , which is very close to that of the fused quartz with a porosity of 50% obtained by Lei et al (1992) .
SUMMARY AND CONCLUSIONS
A new method is proposed in this paper to prepare a new type of transparent for visualizing soil behaviors in laboratory sand with high visibility using nontoxic materials. Glass sand and the mixture of 3# and 15# white oils (at the ratio of 1:10) were used to prepare the transparent sand at the oil content of 15.2%. Geotechnical properties of dry glass sand, water saturated glass sand and transparent sand were tested in laboratory.
Based on the limited number of tests, it was found that: 1.The samples prepared have relatively high visibility. The clear visible depth of the samples was 14cm, and the maximum visible depth was about 20cm. 2.Direct shear tests showed that the peak and residual friction angles of the transparent sand are similar (43 to 44, and 32 to 34 respectively) to that of water sample with the same relative density. The peak friction angle of water sample from triaxial tests was similar to that from direct shear tests, whist the residual friction angle of water sample from triaxial tests was 6° greater than that from direct shear tests. 3. The transparent sand was slightly more compressible than the dry and water samples under one dimensional compression conditions. The recompression index (0.01) of the transparent sand was twice that (0.005) of dry and water samples. The hydraulic conductivity of the glass sand to oil (3.50×10
-5 m/s) was about one order magnitude less than that to water (6.16×10 -4 m/s).
